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OPTICAL WAVEGUIDE STRUCTURE WITH
WAVEGUIDE COUPLER TO FACILITATE
OFF-CHIP COUPLING

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with Government support under
Contract No.: WO911INF-12-2-0051 awarded by Defense

Advanced Research Projects Agency (DARPA). The Govern-
ment has certain rights 1n this invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable.

FIELD OF THE INVENTION

The present invention relates to the electrical, electronic
and computer arts, and, more particularly, to integrated cir-
cuits including optical waveguides.

BACKGROUND OF THE INVENTION

Silicon photonic integrated circuits are of great interest
because they provide ultra-fast data transfer while also being
capable of being fabricated utilizing existing semiconductor
fabrication techniques. Silicon photonic integrated circuits
typically comprise one or more lasers, modulators, and pho-
todetectors. Integrated optical waveguides provide commu-
nications pathways with off-chip optical elements such as
optical fibers and other photonic devices. Presently, emerging
s1licon photonic integrated circuits employ single mode sili-
con-based optical waveguides with dimensions on the order
of 0.2x0.5 micrometers. Because of their small dimensions,
achieving efficient coupling between these waveguides and
off-chip optical elements remains challenging. Such coupling
typically requires very precise alignment to achieve efficient
optical intercommunications.

SUMMARY OF THE INVENTION

Embodiments of the invention provide silicon photonic
integrated circuits with waveguide coupler features that are
optically coupled to optical waveguides 1n the itegrated cir-
cuits. Because of their relatively large size compared to the
optical waveguides, the waveguide coupler features enable
relaxed tolerances for coupling the silicon photonic inte-
grated circuits to off-chip devices such as optical fibers.

Aspects of the invention are directed to a method for form-
ing an optical waveguide structure. Initially, a base film stack
1s received with an optical waveguide feature covered by a
lower dielectric layer. An etch stop feature 1s then formed on
the lower dielectric layer, and an upper dielectric layer 1s
tormed over the etch stop feature. Subsequently, a trench 1s
patterned in the upper dielectric layer and the etch stop feature
at least in part by utilizing the etch stop feature as an etch stop.
Lastly, a waveguide coupler feature 1s formed 1n the trench, at
least a portion of the waveguide coupler feature having a
refractive index higher than the lower dielectric layer and the
upper dielectric layer. The waveguide coupler feature 1s posi-
tioned over at least a portion of the optical waveguide feature
but 1s separated from the optical waveguide feature by a
portion of the lower dielectric layer.

Additional aspects of the mnvention are directed to an opti-
cal waveguide structure formed at least 1n part by a plurality
of processing steps. Initially, a base film stack 1s recerved with
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an optical waveguide feature covered by a lower dielectric
layer. An etch stop feature 1s then formed on the lower dielec-
tric layer, and an upper dielectric layer 1s formed over the etch
stop feature. Subsequently, a trench 1s patterned 1n the upper
dielectric layer and the etch stop feature at least 1n part by
utilizing the etch stop feature as an etch stop. Lastly, a
waveguide coupler feature 1s formed 1n the trench, at least a
portion of the waveguide coupler feature having a refractive
index higher than the lower dielectric layer and the upper
dielectric layer. The waveguide coupler feature 1s positioned
over at least a portion of the optical waveguide feature but 1s
separated from the optical waveguide feature by a portion of
the lower dielectric layer.

These and other features and advantages of the present
invention will become apparent from the following detailed
description of illustrative embodiments thereof, which 1s to
be read 1in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show sectional views of a portion of an
integrated circuit 1n accordance with an illustrative embodi-
ment of the invention;

FIG. 2 shows a sectional view of the FIG. 1 itegrated
circuit portion coupled to an off-chip optical fiber;

FIG. 3 shows a flow diagram of a method for forming the
FIG. 1 integrated circuit, 1in accordance with an illustrative
embodiment of the invention; and

FIGS. 4A-4K show sectional views of intermediate film

stacks formed when implementing the FIG. 3 method to form
the FIG. 1 mtegrated circuit.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention will be described with reference to
illustrative embodiments. For this reason, numerous modifi-
cations can be made to these embodiments and the results will
still come within the scope of the mvention. No limitations
with respect to the specific embodiments described herein are
intended or should be inferred.

As used herein, the term “silicon oxide” 1s intended to
describe a maternial consisting essentially of silicon and oxy-
gen, and having the chemical formula S1,0,.. The term “sili-
con oxide” would therefore include, but not be limited to, a
material with the chemical formula S10, (1.e., silicon diox-
ide). The term *‘silicon nitride,” moreover, 1s intended to
describe a material consisting essentially of silicon and nitro-
gen, and having the chemical formula 51, N . The term “sili-
con nitride” would theretfore include, but not be limited to, a
material with the chemical formula Si;N,. Finally, the term
“silicon oxymitride™ 1s mtended to describe a material con-
sisting essentially of silicon, oxygen, and nitrogen, and hav-
ing the chemical tormula S1,N O,. The term “silicon oxyni-
tride” would, as a result, include, but not be limited to, a
material with the chemical formula S1,N,O.

FIGS. 1A and 1B show sectional views of a portion of an
integrated circuit 100 (more generally, an “optical waveguide
structure™) 1n accordance with an 1llustrative embodiment of
the invention. A silicon layer 105 forms the base of the inte-
grated circuit 100. A first dielectric layer 110, a second dielec-
tric layer 115, a third dielectric layer 120, a fourth dielectric
layer 125, and a fifth dielectric layer 130 are stacked on the
silicon layer 105. An optical waveguide feature 1335 and a
waveguide coupler feature 140 are built 1into these dielectric
layers 110, 115, 120, 125, 130. The waveguide coupler fea-

ture 140 1s positioned above an end of the optical waveguide
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teature 135, but 1s separated therefrom by the third dielectric
layer 120. A bottom region of the waveguide coupler feature
140 1s flanked by what remains of an etch stop feature 145, the
purpose of which will be further elucidated below.

A purpose of the waveguide coupler feature 140 1n the
integrated circuit 100 1s to relax the alignment tolerances
between the integrated circuit 100 and an off-chip device such
as an optical fiber, laser, light emitting diode (LED), photo-
detector, or optical amplifier. Within the integrated circuit
100, the waveguide coupler feature 140 1s able to recerve light
signals from and transmit light signals to the optical
waveguide feature 135. At the same time, the waveguide
coupler teature 140 1s also able to transmit light signals to and
receive light signals from external devices. By allowing the
larger waveguide coupler feature 140 to transmit light from
the optical waveguide feature 135 to off-chip devices, and
vice versa, the alignment tolerances between the integrated
circuit 100 and the off-chip devices 1s reduced while coupling
eificiency 1s maintained.

FIG. 2 shows a sectional view of the integrated circuit 100
coupled to an off-chip optical fiber 200 (with a core 2035 and
a cladding 210). In the figure, the propagation of light signals
1s represented by arrows. Lightrecerved from the optical fiber
200 1s routed by the waveguide coupler feature 140 into the
optical waveguide feature 135 in the integrated circuit 100.
Correspondingly, light emitted from the optical waveguide
teature 1335 1s routed by the waveguide coupler feature 140
into the optical fiber 200. The relatively large size of the
waveguide coupler feature 140 1n comparison to the optical
waveguide feature 135 eases the alignment tolerances
between the integrated circuit 100 and the optical fiber 200
compared to what would be required if one were trying to
couple the smaller optical waveguide feature 133 to the opti-
cal fiber 200 directly.

In accordance with aspects of the mvention, at least a
portion of the waveguide coupler feature 140 preferably has a
higher refractive index than the dielectric layers surrounding,
it (1.e., the third dielectric layer 120, the fourth dielectric layer
125, and the fifth dielectric layer 130). By way of example, 1f,
in one or more embodiments, the dielectric layers 120, 125,
130 consist essentially of silicon oxide, the waveguide cou-
pler feature 140 may consist essentially of silicon oxynitride.
By changing the ratio of nitrogen to oxygen 1n silicon oxyni-
tride, the refractive index of the material may readily be tuned
between about 1.45 and about 2.00 (with silicon dioxide
having a refractive mdex of about 1.45). The optical
waveguide feature 135, may, 1n one or more embodiments,
consist essentially of silicon or silicon mitride. The etch stop
teature 145 may, 1n one or more embodiments, consist essen-
tially of silicon nitride.

FIG. 3 shows a flow diagram of a method 300 in accor-
dance with an illustrative embodiment of the invention for
forming the integrated circuit 100, while FIGS. 4A-4K show
sectional views of intermediate film stacks formed during the
processing. Although the method 300 and the structures
formed thereby are entirely novel, many of the individual
processing steps may be implemented utilizing conventional
semiconductor {fabrication techniques and conventional
semiconductor fabrication tooling. These techniques and
tooling will already be familiar to one having ordinary skill in
the relevant arts. Moreover, many of the processing steps and
tooling used to fabricate semiconductor devices are also
described mm a number of readily available publications,
including, for example: R. N. Tauber etal., Silicon Processing
for the VLSI Eva, Volume 1, Lattice Press, 2000; and Y. Nishi
et al., Handbook of Semiconductor Manufacturing 1echnol-
ogv, Second Edition, CRC Press, 2007, both of which are
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4

hereby incorporated by reference herein. In setting forth the
method 300, 1t 1s emphasized that the method 300 1s not
intended to encompass all of the processing steps which may
be required to successiully form a functional device. Rather,
certain processing steps which are conventionally used 1n
forming integrated circuit devices, such as, for example, wet
cleaning and annealing steps, are purposefully not described
herein for economy of description. However one skilled 1n the
art will readily recognize those processing steps omitted from
this more generalized description.

The method 300 starts 1n step 305 with the film stack shown
in FI1G. 4A. The film stack comprises the silicon layer 105 and
the optical waveguide feature 135, as well as the first dielec-
tric layer 110, the second dielectric layer 115, and the third
dielectric layer 120. In one or more embodiments, the first
dielectric layer 110 (e.g., silicon oxide) may be deposited on
the silicon layer 105 by chemical vapor deposition (CVD),
and then a layer of material for the optical waveguide feature
135 (e.g., silicon or silicon nitride) may be deposited on the
first dielectric layer 110, also by CVD. The layer of material
tor the optical waveguide feature 135 may then be patterned
to define the optical waveguide feature 135 by photolithog-
raphy and reactive 1on etching (RIE). The RIE process pret-
erably etches the material forming the optical waveguide
teature 135 (e.g., silicon or silicon nitride) relatively rapidly,
while etching the materials forming the photoresist and the
first dielectric layer 110 (e.g., silicon oxide) relatively slowly.
So formed, the second dielectric layer 115 (e.g., silicon
oxide) may be deposited by CVD on the first dielectric layer
110 and the optical waveguide feature 135, and then pla-
narized by chemical mechanical polishing (CMP). After pla-
narization, the third dielectric layer 120 (e.g., silicon oxide)
may be deposited on the second dielectric layer 1135 by CVD
to yield the film stack shown in FI1G. 4A. The third dielectric
layer 120 1s preferably relatively thin in comparison to the
other layers to allow efficient light coupling between the
optical waveguide feature 135 and the overlying waveguide
coupler feature 140 that will be formed 1n subsequent pro-
cessing (see FIG. 2).

Step 310, 1n turn, comprises forming the etch stop feature
145 (e.g., silicon nitride) above an end of the optical
waveguide feature 135. The etch stop feature 145 may be
formed by depositing a layer of material for the etch stop
teature 145 on the third dielectric layer 120, and then pattern-
ing that layer of material by photolithography and RIE. The
RIE process preferably has a relatively high etch rate in the
material forming the etch stop feature 145 (e.g., silicon
nitride) and a relatively slow etch rate 1n the maternal forming,
the third dielectric layer 120 (e.g., silicon oxide). The result-
ant film stack 1s shown in FIG. 4B.

Next, 1n step 3135, the fourth dielectric layer 123 1s formed
over the etch stop feature 145 and the third dielectric layer 120
to yield the film stack shown 1n FI1G. 4C. The fourth dielectric
layer 125 may be deposited by CVD and planarized by CMP
(1f necessary).

In step 320, a polishing stop layer 400 1s deposited on the
fourth dielectric layer 125 to yield the film stack shown 1n
FIG. 4D. In one or more embodiments, the polishing stop
layer 400 may, for example, comprise diamond-like carbon
(DLC). The DLC may be deposited by, for example, plasma-
enhanced CVD. Because of its hardness, DLC 1s an excellent
polishing stop layer 400 for CMP.

Subsequently, 1in step 325, a hard mask layer 405 1s depos-
ited on the polishing stop layer 400 to yield the film stack
shown 1n FIG. 4E. The hard mask layer 405 is preferably
formed of the same material as the etch stop feature 145 (e.g.,
s1licon nitride).
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In step 330, the hard mask layer 405 1s patterned to form an
opening defining the position of the trench that will eventu-
ally contain the waveguide coupler feature 140. The patterned
hard mask layer 405 1s visible in the film stack shown 1n FIG.
4F. The opening in the hard mask layer 405 may be formed by
photolithography and RIE. Here, the RIE process preferably
has a relatively high etch rate 1n the maternial forming the hard
mask layer 405 (e.g., silicon nitride) and a relatively low etch
rate in the photoresist and the material forming the polishing,
stop layer 400 (e.g., DLC). Advantageously, the same photo-
lithography mask used to define the etch stop feature 1435 1n
step 310 may be utilized 1n step 330, except with a different
polarity of photoresist.

Then, 1n step 335, the exposed portion of the polishing stop
layer 400 1s etched utilizing the hard mask layer 405 as a hard
mask. This acts to replicate the opening 1n the hard mask layer
405 1n the polishing stop layer 400. Etching may again be by
a RIE process, with the RIE process preferably having a
relatively high etch rate in the material forming the polishing
stop layer 400 (e.g., DLC), and arelatively low etch rate in the
materials forming the hard mask layer 405 (e.g., silicon
nitride) and the fourth dielectric layer 125 (e.g., silicon
oxide). The resultant film stack 1s shown 1n FIG. 4G.

The trench 1s further enlarged in step 340, wherein the
tourth dielectric layer 1235 1s etched utilizing the hard mask
layer 405 as a hard mask and the etch stop feature 145 as aetch
stop. Step 340 may also be performed by RIE, with the RIE
preferably having an relatively high etch rate in the matenal
tforming the fourth dielectric layer 125 (e.g., silicon oxide)
and a relatively low etch rate in the matenal forming the hard
mask layer 405 and the etch stop feature 1435 (e.g., silicon
nitride). Advantageously, having the etch stop layer placed as
shown 1n the figures acts to stop the RIE process from dam-
aging the underlying third dielectric layer 120, which will
ultimately separate the waveguide coupler feature 140 from
the optical waveguide feature 135. The resultant film stack 1s
shown in FIG. 4H.

Subsequently, 1n step 345, the hard mask layer 405 and the
exposed portion of the etch stop feature 143 are etched away,
yielding the film stack shown 1n FI1G. 41. Here again RIE may
be utilized, with the RIE process preferably having a rela-
tively high etch rate 1n the material forming the hard mask
layer 405 and the etch stop feature 145 (e.g., silicon nitride),
and a relatively low etch rate 1n the materials forming the
polishing stop layer 400 (e.g., DLC) and the third dielectric
layer 120 (e.g., silicon oxide).

At this point in the method 300, the trench 1s fully formed
and ready to receive the waveguide coupler feature 140. In
step 350, a layer of material for the waveguide coupler feature
140 1s deposited onto the film stack (and into the trench), and
then, 1n step 355, the resultant film stack 1s planarized utiliz-
ing the polishing stop layer 400 as a polishing stop. The
deposition may be by, for example, CVD, while the planariza-
tion may be by CMP. The resultant film stack 1s shown 1n FIG.
4]. As a result of polishing the film stack down to the polish-
ing stop layer 400, the waveguide coupler feature 140 only
remains present in the trench.

Step 360, 1n turn, involves etching away the polishing stop
layer 400, yielding the film stack shown in FIG. 4K. The
ctching may be by RIE. Here, the RIE preferably has a rela-
tively uniform etch rate in the material forming the polishing
stop layer 400 (e.g., DLC) and the material forming the
waveguide coupler feature 140 (e.g., silicon oxynitride). The
result 1s that the film stack remains substantially planar after
the RIE processing, as indicated in the figure.

Finally, 1n step 365 of the method 300, the fifth dielectric

layer 130 (e.g., silicon oxide) 1s deposited on the film stack.
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Deposition may again be by CVD. This yields the integrated
circuit 100 shown in FIGS. 1A and 1B.

It should again be emphasized that the above-described
embodiments of the mnvention are intended to be illustrative
only. Other embodiments may, for example, utilize different
processing steps Irom those set forth above to achieve
embodiments falling within the scope of the invention. For
example, the CMP-based processing steps set forth above
may, 1n several instances, be replaced by RIE-based process-
ing. Moreover, one or more of the RIE-based processes
described above may be replaced by alternative dry etching
techniques such as 10n beam etching. Lastly, one or more of
the CVD-based processing steps set forth above may be
replaced by other forms of deposition including, but not lim-
ited to, physical vapor deposition (PVD) and atomic layer
deposition (ALD). These numerous alternative embodiments
within the scope of the appended claims will be apparent to
one skilled in the art.

The method 300 as described above 1s used m the fabrica-
tion of integrated circuit chips. The resulting integrated cir-
cuit chips can be distributed by the fabricator in raw wafer
form (that 1s, as a single water that has multiple unpackaged
chips), as a bare die, or in a packaged form. In the latter case
the chip 1s mounted 1n a single chip package (such as a plastic
carrier, with leads that are affixed to a motherboard or other
higher level carrier) or in a multichip package (such as a
ceramic carrier that has either or both surface interconnec-
tions or buried interconnections). In any case the chip 1s then
integrated with other chips, discrete circuit elements, and/or
other signal processing devices as part of either (a) an inter-
mediate product, such as a motherboard, or (b) an end prod-
uct. The end product can be any product that includes inte-
grated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a display,
a keyboard or other input device, and a central processor.

All the features disclosed herein may be replaced by alter-
native features serving the same, equivalent, or similar pur-
poses, unless expressly stated otherwise. Thus, unless
expressly stated otherwise, each feature disclosed 1s one
example only of a generic series of equivalent or similar
features.

Any element 1n a claim that does not explicitly state
“means for” performing a specified function or *“step for”
performing a specified function 1s not to be mterpreted as a
“means for” or “step for” clause as specified i 35 U.S.C.
§112,96. In particular, the use of “step o1’ 1n the claims herein
1s not intended to invoke the provisions o1 35 U.S.C. §112, 96.

What 1s claimed 1s:

1. A method for forming an optical waveguide structure,
the method comprising the steps of:

recerving a base film stack with an optical waveguide fea-

ture covered by a lower dielectric layer;

forming an etch stop feature on the lower dielectric layer;

forming an upper dielectric layer over the etch stop feature;

patterning a trench 1n the upper dielectric layer and the etch
stop feature at least 1n part by utilizing the etch stop
feature as an etch stop; and

forming a waveguide coupler feature 1n the trench, at least

a portion of the waveguide coupler feature having a
refractive index higher than the lower dielectric layer
and the upper dielectric layer;

wherein the waveguide coupler feature 1s positioned over at

least a portion of the optical waveguide feature but is
separated from the optical waveguide feature by a por-
tion of the lower dielectric layer.

2. The method of claim 1, wherein the optical waveguide
feature consists essentially of silicon or silicon nitride.
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3. The method of claim 1, wherein the lower dielectric layer
and the upper dielectric layer consist essentially of silicon
oxide.

4. The method of claim 1, wherein the waveguide coupler
feature consists essentially of silicon oxynitride.

5. The method of claim 1, wherein at least a portion of the
waveguide coupler feature has a refractive index greater than
about 1.45.

6. The method of claim 1, wherein the etch stop feature
consists essentially of silicon nitride.

7. The method of claim 1, further comprising the step of
forming a polishing stop layer on the upper dielectric layer
betore the step of patterning the trench.

8. The method of claim 7, wherein the polishing stop layer
comprises diamond-like carbon.

9. The method of claim 7, further comprising the step of
forming a hard mask layer on the polishing stop layer before
the step of patterning the trench.

10. The method of claim 9, wherein the hard mask layer
consists essentially of the same material as the etch stop
feature.

11. The method of claim 9, wherein the step of patterning
the trench comprises the steps of:

patterming an opening in the hard mask layer;

patterming an opening in the polishing stop layer utilizing

the hard mask layer as a hard mask;

patterming an opening in the upper dielectric layer utilizing

the hard mask layer as a hard mask and the etch stop
feature as an etch stop; and

forming an opening in the etch stop feature while removing,

the hard mask layer.

12. The method of claim 7, wherein the step of forming the
waveguide coupler feature comprises the steps of:

depositing a waveguide coupler material for the waveguide

coupler feature into the trench; and

planarizing a resultant film stack at least 1n part by chemi-

cal mechanical polishing utilizing the polishing stop
layer as a polishing stop.

13. The method of claim 1, wherein the steps of forming the
etch stop feature and patterning the trench utilize a common
photolithography mask.

14. An optical waveguide structure, the optical waveguide
structure formed at least 1n part by the steps of:

receiving a base film stack with an optical waveguide fea-

ture covered by a lower dielectric layer;

forming an etch stop feature on the lower dielectric layer;

forming an upper dielectric layer over the etch stop feature;

patterning a trench 1n the upper dielectric layer and the etch
stop feature at least 1n part by utilizing the etch stop
feature as an etch stop; and

forming a waveguide coupler feature 1n the trench, at least

a portion of the waveguide coupler feature having a
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refractive index higher than the lower dielectric layer
and the upper dielectric layer;

wherein the waveguide coupler feature 1s positioned over at
least a portion of the optical waveguide feature but is
separated from the optical waveguide feature by a por-

tion of the lower dielectric layer.

15. The optical waveguide structure of claim 14, wherein
the optical waveguide feature consists essentially of silicon or
s1licon nitride.

16. The optical waveguide structure of claim 14, wherein
the lower dielectric layer and the upper dielectric layer consist
essentially of silicon oxide.

17. The optical waveguide structure of claim 14, wherein
the waveguide coupler feature consists essentially of silicon
oxynitride.

18. The optical waveguide structure of claim 14, wherein
the etch stop feature consists essentially of silicon mitride.

19. The optical waveguide structure of claim 14, wherein
the optical waveguide structure 1s further formed at least in
part by the step of forming a polishing stop layer on the upper
dielectric layer betfore the step of patterning the trench.

20. The optical waveguide structure of claim 19, wherein
the polishing stop layer comprises diamond-like carbon.

21. The optical waveguide structure of claim 19, wherein
the optical waveguide structure 1s further formed at least in
part by the step of forming a hard mask layer on the polishing
stop layer before the step of patterning the trench.

22. The optical waveguide structure of claim 21, wherein
the hard mask layer consists essentially of the same material
as the etch stop feature.

23. The optical waveguide structure of claim 21, wherein
the step of patterning the trench comprises the steps of:

patterning an opening in the hard mask layer;

patterning an opening in the polishing stop layer utilizing

the hard mask layer as a hard mask;

patterning an opening in the upper dielectric layer utilizing

the hard mask layer as a hard mask and the etch stop
feature as an etch stop; and

forming an opening 1n the etch stop feature while removing

the hard mask layer.

24. The optical waveguide structure of claim 19, wherein
the step of forming the waveguide coupler feature comprises
the steps of:

depositing a waveguide coupler material for the waveguide

coupler feature into the trench; and

planarizing a resultant film stack at least 1n part by chemi-

cal mechanical polishing utilizing the polishing stop
layer as a polishing stop.

25. The optical waveguide structure of claim 14, wherein
the steps of forming the etch stop feature and patterning the
trench utilize a common photolithography mask.
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